The dimerization of polyalanine peptides in a hydrophobic environment was explored using replica exchange molecular dynamics simulations. A nonpolar solvent ͑cyclohexane͒ was used to mimic, among other hydrophobic environments, the hydrophobic interior of a membrane in which the peptides are fully embedded. Our simulations reveal that while the polyalanine monomer preferentially adopts a ␤-hairpin conformation, dimeric phases exist in an equilibrium between random coil, ␣-helical, ␤-sheet, and ␤-hairpin states. A thermodynamic characterization of the dimeric phases reveals that electric dipole-dipole interactions and optimal side-chain packing stabilize ␣-helical conformations, while hydrogen bond interactions favor ␤-sheet conformations. Possible pathways leading to the formation of ␣-helical and ␤-sheet dimers are discussed.
INTRODUCTION
The ability of a peptide or protein to fold into a welldefined structure is governed not only by the information encoded in its amino-acid sequence, but equally importantly, by the chemical environment in which it resides. Examples abound in the literature of polypeptide sequences that adopt different secondary structures in different milieus. [1] [2] [3] Apolar solvents, such as trifluroethanol ͑TFE͒ and hexafluoroisopropanol ͑HFIP͒, have been shown to stabilize secondary structure elements 4, 5 while different micellar states of sodium dodecyl sulfate ͑SDS͒ can promote either ␤-sheet or ␣-helix formation. 2, 6 In the same way that solvent affects the folding of a polypeptide, it is reasonable to expect that the ability of a peptide to aggregate and the nature of the resulting aggregates will depend on the solvent conditions. Much effort has been invested in studying aggregation and assembly in the polar, aqueous environments, however, far less experimental and theoretical efforts have been geared towards characterizing these processes in hydrophobic environments, such as the one present in the interior of a membrane. It is well documented that peptides can associate in membranes to form transmembrane complexes as well as a variety of assembled structures, including the amyloidogenic pores implicated in the toxicity of a number of neurodegenerative diseases. 7 Nonetheless, our understanding of the mechanisms of peptide assembly in membranes remains quite limited.
Here, we focus on polyalanine, as a model system to study peptide assembly in a hydrophobic, membranemimicking environment. Alanine is an attractive system, as it is one of the simplest amino acids; it is small, neutral, and commonly found in transmembrane proteins. 8 Moreover, the structure of polyalanine peptides appears to be exquisitely sensitive to its environment and peptide length. It is under debate, both from experiments 9, 10 and from simulation studies, [11] [12] [13] [14] [15] whether short monomeric polyalanine peptides preferentially sample random coil, ␣-helices, or polyproline II ͑PPII͒ structures in aqueous solvent. In terms of the aggregate states of this peptide, simulations by Hall and coworkers using a coarse-grained model of the peptide and solvent indicated that polyalanine has a rich aggregation phase diagram in a waterlike environment, with the coexistence of helical, random coil, and fibrillar and nonfibrillar ␤-sheets. 16, 17 From an experimental standpoint, Blondelle et al. 2 have studied aggregation in membranelike environments and have shown that polyalanine in nonmicellar SDS ͑which mimics the hydrophobic interior of a membrane͒ preferentially adopts ␤-sheet structure. Studies by the same group of this peptide in micellar SDS ͑which also serves as membrane model͒ showed a preponderance of helical structures. We are not aware of any theoretical studies tackling the aggregation of polyalanine peptides in hydrophobic environments such as the one present in the interior of a membrane. Theoretical studies of polyalanine in nonpolar environments have been mostly limited to simulations performed in vacuum and show that this peptide forms a stable helix under those conditions. 11, 12 More recent simulations of polyalanine peptides in membranelike environments have emphasized the thermodynamics of peptide insertion 18 and stabilization, 19 but not the process of peptide assembly. Our goal here is to probe the early stages of peptide aggregation in a membrane-mimicking environment and gain an understanding of the factors governing the relative thermodynamic stability of the phases accessible to self-associated peptides in a hydrophobic milieu. We investigate the dimerization ͑the simplest aggregation process͒ of a ten-residue long polyalanine chain in cyclohexane using replica exchange molecular dynamics simulations. Cyclohexane was chosen as a first approximation to mimic the hydrophobic interior of a membrane and for computational efficiency. Albeit not the most a͒ accurate representation of a lipid bilayer it provides a computationally tractable means of estimating relative energetic trends stabilizing different dimeric states of the peptide fully inserted in the hydrophobic core of the membrane, under constant lipid composition and peptide concentration. Our simulation scheme allows the sampling of thermodynamically relevant states of the configurational space accessible to the dimer as a function of temperature. The nature of the dimers formed by polyalanine peptides, as well as the factors stabilizing these conformations, will be discussed.
METHODS

Simulations
Replica-exchange molecular dynamics 20 ͑REMD͒ simulations of one and two chains of the blocked peptide ACE-ALA 10 -NH 2 ͑PolyA 10 ͒ in cyclohexane were performed in order to sample thermodynamically relevant conformational states. The REMD simulations were carried out at 16 temperatures ͑T0 = 273, T1 = 286, T2 = 299, T3 = 313, T4 = 327, T5 = 342, T6 = 357, T7 = 373, T8 = 389, T9 = 406, T10= 423, T11= 441, T12= 459, T13= 478, T14= 497, and T15= 517 K͒ for a total of 40 ns per replica for one chain and 69 ns per replica for two chains, with swap attempts every 4 ps. Acceptance ratios for exchange moves ranged from 13% to 21%. The initial ␣-helical structure of each chain was generated using the program WHATIF. 21 The helices were randomly rotated and placed in a dodecahedral periodic box with the minimum distance between the solute and the wall of the box being 1 nm. The distance between the center of mass of the two peptide chains was 1 nm, being 0.4 nm being the distance of closest approach for two atoms belonging to different chains. Each box was then filled with an equilibrated box of cyclohexane and the solvent molecules that overlapped with the peptide were removed. The total charge on the peptides was zero. The GROMOS96 43A1 force field 22 was used to describe both the peptide and the cyclohexane. This force field uses a united atom approach to model the CH 2 groups of cyclohexane with the hydrogens incorporated into the carbon to which they are attached. The temperature was maintained close to the intended value by weak coupling to an external temperature bath 23 with a coupling constant of 0.1 ps. The LINCS algorithm was used to constrain bond lengths within the peptide and cyclohexane. The time step was 2 fs. A twin-range cut off of 0.9/ 1.4 nm was used to evaluate the nonbonded interactions. Interactions within the short-range cut off were evaluated every step, whereas interactions within the long cut off were updated every five steps, together with the pair list. A reaction field ͑RF͒ correction 25 with a e RF = 2 was used to correct for the neglect of electrostatic interactions beyond the 1.4 nm cut off. To initiate the simulations, the system was first energy minimized using a steepest descent algorithm. The solvent was then relaxed by simulating the system with the peptide positionally restrained ͑100 ps͒. Initial velocities were generated from a Maxwellian distribution at each temperature. All simulations were performed using the GROMACS3.X software package. 26, 27 Cartesian coordinates were saved every 2 ps. For data analysis, the first 2 ns of each trajectory was disregarded for simulations with one chain. For simulations with two chains, the first 20 ns was disregarded. Control molecular dynamics simulations of 70 ns time length were run using as starting structure the dimer representative structure of each phase.
Analysis of the trajectories
Secondary structure
Elements of secondary structure were calculated according to the DSSP algorithm.
28 ␤-turn conformations were analyzed according to the definition of Wilmot and Thornton. 29 Polyproline II conformations were analyzed according to the definition of Muñoz and Serrano. 30 
Cluster analysis
A series of nonoverlapping clusters of structures was obtained as described by Daura et al. 31 by calculating the backbone RMSD between all pairs of structures after a best fit rotation. Then, the structure with the largest number of neighbors that satisfies the condition RSMDϽ 0.1 nm ͑con-sidered the central structure of the cluster͒ was taken together with the neighbors to form the ͑first͒ cluster and eliminated from the pool of structures. This process was repeated until the pool of structures was empty.
Reaction coordinates
To monitor the conformations sampled by the two polyalanine chains during the simulations two different reaction coordinates were defined.
͑i͒
To roughly account for the secondary structure, a continuous variable Q SecStruct was defined for each conformation as the average value of both chains of the average backbone dihedral angle of the three middle residues of each chain,
This variable recovers a clear distinction between ␣ helix, ␤-turn, and ␤-sheet. When Q SecStruct Ͻ ϳ −20, it represents ␣-helix conformations; when ϳ20 Ͻ Q SecStruct Ͻ ϳ 60, it represents ␤-turns; and when Q SecStruct Ͼ 80, it represents ␤-sheet. The advantage of using Q SecStruct is that it allowed us to monitor with a single variable the secondary structure preferences along the trajectories. ͑ii͒
To monitor the aggregation state, a discrete variable Q aggr was defined as the product of two quantities. The first one that accounts for the aggregation state: normalized number of intermolecular hydrogen bonds N HB ͑donor-acceptor distanceϽ 0.3 nm and donor-hydrogen-acceptor angleϽ 60°͒ plus a normalized number of intermolecular side chain contacts N cont ͑minimum distance between side chains Ͻ0.6 nm͒. With this definition, in a single variable we recover the aggregation state due to both main chain electrostatics and side-chain van der Waals interactions. The relative angle between the two chains gives information into the parallel or antiparallel relative orientation,
This variable can reach a value of zero when either both N HB and N cont are zero or when cos is zero. This last condition occurs only when the two chains are perpendicular to each other, an orientation that has a very low probability to occur after checking the time series of the angle .
Potential of mean force "PMF…
The one-and two-dimensional potentials of the mean force along the reaction coordinates at each temperature were built using the weighted histogram analysis method ͑WHAM͒, 32, 33 which provides an optimal estimate of the density of states.
The convergence of our simulations was verified by constructing the one-dimensional PMF at each temperature for each reaction coordinate and comparing the results generated using the whole trajectory, the first half of the trajectory and the second half of the trajectory. The profiles of the three distributions for each coordinate are found to be similar ͑data not shown͒.
RESULTS
Monomer conformations: Preferential population of ␤-hairpin structure
The polyalanine monomer in a hydrophobic environment is seen to preferentially sample ␤-hairpin conformations. Figure 1 shows a distribution plot of end-to-end distances at 313 K ͑temperature T3͒. Five conformational ensembles corresponding to ␤-hairpins can be identified from the local maxima present for end-to-end distancesϽ 1.5 nm. The ␤-hairpin backbone can accommodate turn conformations at different positions in the sequence and a diverse set of turn types are present. The turn is formed primarily by four residues, with residues i + 1 and i + 2 shifting mainly from residue 4 ͑for i +1͒ to residue 7 ͑for i +2͒. The most populated conformation adopts a type IIЈ geometry, with types IЈ and II present to a lesser extent. Although turns types IЈ and IIЈ are the most common in ␤ hairpins due to the natural twist of the hairpins, 34 turn type II is present due to the flexibility of the backbone and low steric effects from the side chains. The sixth peak in the distribution at ϳ2.1 nm corresponds to an extended strand conformations. This maximum length is consistent with a chain fully embedded in the hydrophobic core of a membrane in the fluid phase. ͑In phosphatidylcholine ͑PC͒ bilayers the thickness of the hydrophobic region typically ranges from 2.6 to 3.0 nm.
35 ͒ ␤-hairpin conformations are preferred as a consequence of the competition between main chain hydrogen bond interactions and side-chain/cyclohexane interactions. Hydrogen bonds will preponderately drive folding in a hydrophobic environment as a result of the energetic cost of exposing unpaired polar groups. 36 The importance of electrostatic interactions emerges from an analysis of the time series of the Coulomb and van der Waals interactions obtained from trajectories of the monomers ͑data not shown͒. In these time series, it is apparent that the Coulomb interactions contribute the most to the stability of the folded state. For the relatively short sequence used here ͑ten residues͒ short-range intrapeptide side chain interactions are likely not strong enough to balance polar interactions and to contribute to monomer helix stabilization. As a result, side-chain/cyclohexane interactions are favored and ␤-hairpins form as the preferred lowest energy structural elements. Indeed, we see that the relative population of ␣-helical conformations is low. We note that it is possible that the force field used underestimates structures with a net macrodipole in apolar solvent, 37 but it is more likely, as discussed above, that helices are simply not stable in our hydrophobic solvent. Experiments have shown that the ability of a polyalanine based peptide to form stable transmembraned ␣-helices is dependent on the chain length. 38 A more realistic model of the membrane ͑explicit representation of the polar head groups and interface with water͒ may be required to correctly model ␣-helix stability in a trans- membrane orientation. Here, we aim to model a peptide inserted deep in the hydrophobic core of the membrane, such that head group and water effects are negligible.
Fully extended chains or random coil conformations are less likely to be populated due to the energetic cost of exposing polar groups to the hydrophobic environment. Using the definition of Muñoz and Serrano 30 the population of PPII conformation was calculated for the non-␤-sheet or ␣-helical conformations ͑as identified by the DSSP classification͒. The PPII structure has been suggested both experimentally ͑dipeptides, 39 short peptides 10,40 ͒ and in simulations ͑dipeptides, 41 20 residues 42 ͒ to be an alternative conformation of polyalanine peptides in aqueous media. Our simulations indicate, however, that this conformation is not significantly populated in hydrophobic media.
Dimer conformations: Coexistence of ␣-helical and ␤-sheet polyalanine dimers
The two-dimensional PMF at a temperature of 313 K ͑temperature T3͒ is shown in Fig. 2 as a function of a reaction coordinate monitoring the formation of secondary structure ͑Q SecStruct ͒ and a reaction coordinate monitoring the aggregation state ͑Q aggr ͒. The PMF at this temperature clearly exhibits different conformational substates sampled in the trajectories. The most remarkable feature of this PMF plot is the equilibrium coexistence of both ␣-helix and ␤-sheet polyalanine dimers. Six basins were found separated by energetic barriers of different heights: The largest energetic barrier is the one separating the helical dimers from the ␤-dimers. Simulations initiated from these basins do not show helical to sheet interconversion or vice versa. As was the case with the monomeric species, the population of PPII conformations is negligible for the dimers.
Phase diagram for dimerization
The two-dimensional ͑2D͒ PMFs vary with temperature. This dependence allowed us to plot the "phase diagram" of temperature as a function of Q aggr shown in Fig. 3 . We use "phase diagram," in quotation marks, because it is not a strict phase diagram in the sense that the order parameter used ͑the best indicator found to account for the different substates͒ does not describe uniquely the phases accessible to the system. The Gibbs phase rule is not strictly satisfied as we have a line boundary representing the simultaneous equilibrium between three phases. Nonetheless, this "phase diagram" illustrates nicely the phases accessible to a polyalanine dimer at a fixed concentration. Seven phases, corresponding to the seven basins in the 2D PMFs, were found along the range of temperatures considered. The six structured phases represent the basins previously described in the PMF at 313 K ͑tem-perature T3͒. The unstructured region corresponds to random coil conformations. These structures dominate at high temperatures ͑T Ͼ T11͒. At intermediate temperatures ͑T8-T11͒, ␤-sheet dimers are the dominant structured phase. These structures exist over a greater temperature range than any other dimers. The extended ␤-sheet aggregates display more than 60% of the residues of each chain in a ␤-sheet conformation, and are present in equal amount in out-of-register parallel and antiparallel orientations. At temperatures below T7, all structured phases coexist. Aggregates of ␤-hairpins show two aggregated hairpins with the shared strands in parallel orientation. The ␤-turn is persistent in these conformations and is located mainly in residues 4 and 5 in a type II conformation for the first chain. In the second chain, the preferred position is at residues 5 and 6 in a type IIЈ conformation. These arrangements are consistent with the variety of turn types found in the monomeric state. Conformations of hairpins with antiparallel shared strands and nested hairpins were also found but in lower population. Aggregates of ␤-hairpins with ␤-strands are also present, in which one of the chains is in ␤-hairpin conformation ͑␤-turn with residues 5 and 6 in a type IIЈ conformation͒ while the other chain is in ␤-strand conformation and forms hydrogen bonds to the hairpin. In the later chain, the residues that are not in ␤-sheet geometry are unstructured.
Although the monomeric peptide showed a very low population of ␣-helices, ␣-helix dimers are present as two different phases ͑antiparallel and parallel end to ends͒ in both the PMF and the phase diagram. This suggests that ␣-helix dimer formation strongly depends on peptide-peptide recognition and association, as has been suggested for other peptides embedded in membranelike environments. 43 The difference between the two helical dimeric phases can be rationalized in terms of helix electric dipole-dipole interactions. The relative orientation between helices at 313 K in the antiparallel orientation is ϳ166°± 3°and in the parallel end to end is ϳ25°± 18°. This suggests that favorable electric ␣-helix dipole-dipole interactions stabilize the antiparallel dimer. Truly parallel ͑non-end to end͒ ␣-helices were not significantly populated in our simulations.
We do not observe a phase in which one of the peptide chains adopts an ␣-helix conformation and the other a ␤-strand. Such a combination would be energetically unfavorable as the ␤-strand would have all the backbone polar groups of one side fully exposed to the hydrophobic environment. In addition, the ␣-helical side chains could not optimally pack to the ␤-strand.
Factors influencing the stability of the phases
The overall behavior of clear phase differentiations in equilibrium is the most remarkable feature of this "phase diagram." It shows that in principle a polyalanine chain is able to dimerize into ␣-helices or ␤-sheets ͑either extended ␤-sheets or ␤-hairpins͒ in a hydrophobic environment mimicking the interior of a membrane.
To gain insight into the factors that contribute to the relative stabilization of the phases, 2D PMFs at 313 K have been plotted for Q SecStruct and Q aggr vs electrostatic peptidepeptide, van der Waals peptide-peptide, and van der Waals peptide-cyclohexane interactions ͑see Fig. 4͒ . Electrostatic interactions ͓see Figs. 4͑a͒ and 4͑d͔͒ seem to favor ␣-helix dimers over ␤-hairpin dimers and even more so over extended ␤-sheet dimers. This can be rationalized in terms of hydrogen bond formation and dipole-dipole interactions. In the ␣-helix dimer most of the polar groups are making favorable intrapeptide hydrogen bonds, with antiparallel ␣-helices exhibiting electric dipole-dipole interactions that stabilize this conformational substate. 44 In the ␤-sheet dimers, on the other hand, only interpeptide hydrogen bonds form, while in the ␤-hairpin dimer, stabilization is afforded by both intra-and interpeptide hydrogen bonds.
van der Waals interactions ͓see Figs. 4͑b͒ and 4͑e͔͒ between peptide chains indicate that the packing present in antiparallel ␣-helices considerably stabilizes the dimer. This may be due to an optimal intra-and interpeptide geometry distributions of side chains in helices, a suggested driving force for dimerization of model transmembrane proteins. 45, 46 In ␤-sheets dimers, on the other hand, the side-chain packing appears to be "loose." This is corroborated by the PMF of the van der Waals interactions between the peptide and cyclohexane ͓see Figs. 4͑c͒ and 4͑f͔͒ , which show a trend opposite to the peptide-peptide van der Waals interactions shown in Figs. 4͑b͒ and 4͑e͒ . The exposure of side chains to cyclohexane in the antiparallel ␤-sheet configuration is more favorable than in the ͑antiparallel͒ ␣-helical case.
Insights into the mechanism of aggregation
A plausible mechanism of dimerization is as follows: Once a critical concentration is reached such that monomeric chains interact, a likely initial stable conformation is a dimer of ␤-hairpins. The monomeric state resides preferentially in hairpin conformation and assembly of these preformed units will entail a smaller entropic cost than assembly from disordered units. If conformational changes take place upon association, then dimers of ␣-helices and of extended ␤-sheets will form as well. Dipole-dipole interactions and optimal interhelical packing will drive the formation of the antiparallel ␣-helical dimer. It is likely that the interconversion between ␤-hairpin and extended ␤-sheet dimers is driven by the competition between intrapeptide hydrogen bond and peptidecyclohexane interactions. Peptide-cyclohexane interactions may disrupt the hairpins, leading to an extended ␤-sheet conformation that could serve as an initial seed for further aggregation. It is also possible that the extended strands in a ␤-sheet dimer could shift with respect to each other as consequence of hydrogen bond reordering. When a critical point is reached at which the dimer with shifted strands is no longer stable, the chains may fold over, forming once again ␤-hairpin dimers. An interconversion between ␣-helical and ␤-sheet dimers at high temperatures can be explained as a consequence of the disruption of the balance between energetic contributions. Fluctuations ͑in this case, induced by an increase in temperature͒ will perturb the side-chain packing that stabilizes the ␣-helix dimers, enabling a rearrangement to ␤-sheet dimers. At high temperatures ͑T8 Ͻ T Ͻ T11͒ the ␤-sheet dimer is the preferred phase, most likely because the network of hydrogen bonds is more stable to temperature induced perturbations than the side-chain packing. It would be interesting to test experimentally the preference for ␤-sheet dimers at higher temperatures in a hydrophobic medium other than membranes ͑which tend to fall apart at high temperatures͒.
CONCLUSIONS
We have explored the initial stages of polyalanine peptide aggregation in a hydrophobic medium mimicking the interior of a membrane under constant lipid composition and peptide concentration. A nonpolar solvent ͑cyclohexane͒ was used to model the hydrophobic matrix of a membrane, such that the peptides reside parallel to the interface and fully inserted in the hydrophobic core. Our simulations reveal a surprising breadth of conformations sampled by the dimeric conformations. While the monomeric peptide preferentially samples ␤-hairpin configurations, the dimer is present in a variety of associated forms, including helical dimers, ␤-hairpin dimers, and ␤-sheet dimers. The coexistence of a polyalanine-based peptide between ␣-helix and ␤-sheet dimers seen in our simulation is supported by experimental studies that show that peptides can associate into aggregates of different secondary structures depending on peptide length and lipid composition. 2, 44, 45, 47, 48 The thermodynamic factors that govern the stability of the different dimeric phases are complex and depend on the interplay of the intra-and intermolecular energetic interactions and the entropic preferences of the peptide chain. While van der Waals peptidecyclohexane interactions ͑which would extrapolate to peptide-lipid interactions͒ favor ␤-sheet dimers, electric macrodipole interactions and optimal intra-and interpeptide side-chain packing stabilize ␣-helices dimers. A next step towards investigating the relative weight of the interactions that drive peptide oligomerization will involve the use of a more realistic environment to mimic the membrane.
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